p" Recent morphological and functional studies on the circle of Willis suggest that the areas of supply of the six major cerebral arteries show a considerable variation in distribution, in contrast to the relatively consistent pattern generally accepted: therefore, the cortical and intracerebral distribution of the territories of these arteries was investigated in 25 unfixed human brains obtained at routine autopsy. The six major cerebral arteries were simultaneously injected under the same pressure with different-colored Araldite F mixtures under standardized conditions to obtain the most realistic territorial distribution. The cortical boundaries were examined and recorded in relation to the cerebral gyri and sulci, and the territories of the anterior, middle, and posterior cerebral arteries were analyzed and compared. The intracerebral distribution of these territories was investigated after the injected brains were cut in parallel slices. The variability of the territories of these arteries was much larger than generally described in the literature. Twenty-six variations in the territory, of the anterior cerebral artery, 17 variations in the area of the middle cerebral artery, and 22 variations in the area of the posterior cerebral artery were found in the cortex of 50 hemispheres. Intracerebrally, the anterior, middle, and posterior cerebral arteries contributed in varying degrees to the blood supply of the lobar white matter, the internal capsule, the caudate nucleus, and the lentiform nucleus. The large variation in the area in which the cortical and intracercbral boundaries between these territories was located was demonstrated by illustrating the minimum and maximum extent of each. The results are compared with prior findings, and their implications for both experimental model studies and clinical practice are discussed. KE~ WORDS 9 anterior cerebral artery middle cerebral artery 9 posterior cerebral artery 9 cerebrovascular distribution 9 anatomical study T HE distribution pattern of the territories of the six major cerebral arteries (the anterior cerebral artery (ACA), the middle cerebral artery (MCA), and the posterior cerebral artery (PCA), bilaterally) is generally considered as relatively constant. ~' 13"~<~9"2<27 ,~,3~,~7 Many textbooks and atlases show similar schematic drawings of both the conical and intracerebral distribution of these territories but provide sparse information as to the origin of the templates or how the pattern was identified. In the early literature, the possible variability of these areas of supply was still a point of discussion. In 1909, Beevor ~ described a large variation in the cortical and intracerebral distribution of the six major cerebral arteries. In his studies, he simultaneously injected the cerebral arteries to avoid an overflow of material through pre-existing anastomoses resulting in an over-or underestimation of the vascular areas. However, most other authors denied these anastomoses. ~m~c~3~ In contrast to Beevor's statement, Shellshear ~ claimed in 1927 that the areas of supply of the cerebral arteries and their branches are strongly related to specific functional areas of the cerebral cortex. He stated that the variations in the vascular distribution described by Beevor are caused partly by the variability of the functional cortical areas to which the territories are related, and that in reality the cerebral territories vary insignificantly. Since then, a relatively fixed vascular distributiol~ has been generally accepted and the discussion about its variability seemed to be closed.
T HE distribution pattern of the territories of the six major cerebral arteries (the anterior cerebral artery (ACA), the middle cerebral artery (MCA), and the posterior cerebral artery (PCA), bilaterally) is generally considered as relatively constant. ~' 13"~<~9"2<27 ,~,3~,~7 Many textbooks and atlases show similar schematic drawings of both the conical and intracerebral distribution of these territories but provide sparse information as to the origin of the templates or how the pattern was identified. In the early literature, the possible variability of these areas of supply was still a point of discussion. In 1909, Beevor ~ described a large variation in the cortical and intracerebral distribution of the six major cerebral arteries. In his studies, he simultaneously injected the cerebral arteries to avoid an overflow of material through pre-existing anastomoses resulting in an over-or underestimation of the vascular areas. However, most other authors denied these anastomoses. ~m~c~3~ In contrast to Beevor's statement, Shellshear ~ claimed in 1927 that the areas of supply of the cerebral arteries and their branches are strongly related to specific functional areas of the cerebral cortex. He stated that the variations in the vascular distribution described by Beevor are caused partly by the variability of the functional cortical areas to which the territories are related, and that in reality the cerebral territories vary insignificantly. Since then, a relatively fixed vascular distributiol~ has been generally accepted and the discussion about its variability seemed to be closed.
The concept of a relatively constant pattern of vascular distribution has a major impact on the differential diagnosis of thromboembolic and watershed ischemia. In 1961, Ziilch 37 clearly defined the watershed infarct as an ischemic lesion located in the border zone between two neighboring vascular areas, due to a disturbed perfusion in one or both contributing arteries. He described these infarcts in the boundaries between the ACA, MCA, and PCA in the cortex, white matter. caudate nucleus, and putamen. The location of a cerebral infarct, visualized with computerized tomography (CT) or magnetic resonance (MR) imaging, is an important determinant in the differential diagnosis between these two types of infarcts. In the basal nuclei this differentiation may be especially subtle. In neurosurgical practice, the decision to perform an extracranial-intracranial bypass procedure is partly based on this differential diagnosis. Consequently, a detailed anatomical knowledge of the cortical and intracerebral vascular distribution is crucial for the differential diagnosis of thromboembolic ischemia and watershed ischemia and for evaluation of the benefits of the extracranial-intracranial bypass procedure. Many templates and schematic drawings of the major vascular territories are presented in the literature to facilitate the interpretation of CT findings in the diagnosis ofstroke. 237' 9"~8"-~6 Since these templates and drawings are based on the same symmetrical and constant pattern of vascular supply, they are used as a guide in the differential diagnosis between thromboembolic ischemia and watershed ischemia.
In models designed to simulate the hemodynamic behavior of the circle of Willis, the same invariant pattern of territorial distribution is used. 4"~ ~, 24 In these models, the peripheral resistances of the six major cerebral arteries are assumed to be inversely proportional to the brain mass that is irrigated by each vessel. Based on a fixed pattern of vascular distribution, the ratio of these resistances is considered to be constant. However, the mathematical model of Hillen, et al., 2~ and subsequent statistical analysis of the diameters of various segments of the circle of Willis 2 J.22 indicate that a significant variation in the peripheral resistances of the six major cerebral arteries and, consequently, in their areas of supply is likely to exist. This has major implications for experimental studies and also for the clinical diagnosis and treatment of stroke.
A review of the most representative studies on the territories of the major cerebral arteries clearly demonstrates that there are considerable discrepancies among the descriptions and that the concept of a relatively invariant distribution is based on insufficient data from the literature)-' A large variation in the territorial distribution, as well as major differences in the applied investigative techniques and in the conditions of the specimens examined, may have contributed to these discrepancies. Therefore, the differing results of previous studies on the cerebrovascular distribution and of the studies of Hillen and eoworkers 2~-23 demand a detailed re-investigation of the territorial distribution of the six major cerebral arteries under standardized conditions.
In a previous study, 34 we demonstrated that investigations of the cerebrovascular territories should take into consideration the functional role of the leptomeningeal anastomoses. As a consequence of these functional anastomoses, the boundaries between the vascu-lar territories are dynamic rather than static, and their location is determined by hemodynamic conditions. If the vascular territories are to be investigated, a standardized injection procedure and a clear definition of the boundaries under these hemodynamic conditions are required. We, therefore, introduce the concept of an "equal-pressure boundary;" this is defined as the boundary between two adjacent vascular territories which is established when the arteries of supply are simultaneously injected with different-colored injection materials under the same pressure until an equilibrium in the anastomoses is achieved. In the present study, both the cortical and intracerebral distributions of the vascular territories of the six major cerebral arteries of 25 human brains were investigated after simultaneous injection of different-colored materials into these arteries under the required conditions. The aim of this study was to investigate the variability of the cortical and deep intracerebral distribution of the major vascular territories.
Materials and Methods
Twenty-five human brains with no clinical evidence of neuropathology were obtained at autopsy. The mean age of the subjects was 52 + 29.2 years (_+ standard deviation), with a range of 15 to 100 years. The preparation of the brains and the final injection procedure were performed under standardized conditions, according to the methods described in a previous paperfl 4 In summary, each brain still covered by the dura mater was carefully taken out of the skull and placed into a bath of Ringer's solution. Cannulas were inserted proximally into the MCA and the postcommunicating parts of the ACA and PCA on both sides. The medial posterior choroidal arteries (PChA's), emanating from the precommunicating part of the PCA, and the anterior cboroidal arteries (AChA's) were clipped at their origins to avoid excessive overflow of injected material from the MCA and PCA into these choroidal arteries through leptomeningeal and choroidal anastomoses. After removal of remaining blood clots, the cannulas were connected to six bottles containing different-colored Araldite F mixtures. In addition, each cannula was connected to a mercury manometer with a T-valve to ensure continuous injection pressure control. By raising the pressure in the bottles with an electrical air pump, the different-colored Araldite F mixtures were simultaneously injected into the six major cerebral arteries under a continuous pressure of 93 mm Hg until polymerization of the plastic had taken place (approximately 45 minutes). After injection, the territories of the ACA, MCA, and PCA, each filled with a different-colored polymer, were clearly visible and the boundaries were well marked. The time between death and injection did not exceed 16 hours. After hardening of the Araldite F mixtures, each brain was suspended in a fixative consisting of 4% formaldehyde in 0.05 M phosphate buffer (pH 7.4) for at least 2 weeks. The brains were photographed from superior, inferior, anterior, posterior, and Table 1 for the classification of the boundary between the territory of the anterior and posterior cerebral arteries on the superior surface of the hemispheres. Lines B, C, E, and G run through the precentral sulcus (PCS), the central sulcus (CS), the parieto-occipital sulcus (POS), and the occipital pole (OP), respectively. A is the area anterior to the precentral sulcus, D is the superior parietal lobe (SPL), and F denotes the occipital lobe (OL). SFG = superior frontal gyrus.
two lateral views with a Pentax K-1000 camera. Using a Zeiss OPMI-1 surgical microscope (magnification • 10 to 40), we thoroughly inspected every boundary for the presence of leptomeningeal anastomoses. These anastomoses, morphologically defined as vessels connecting two larger arteries, were carefully examined together with the surrounding branches of both cerebral arteries to ensure that during the injection procedure the opposite flows of the different-colored Araldite F mixtures injected into each major cerebral artery had met only in the anastomoses.
The distribution of the cortical territories of each hemisphere was investigated by recording the locations FtG, 2. Schematic drawing showing the partition of the medial surface of the hemisphere as used in Table 1 for the classification of the boundary between the anterior and posterior cerebral arteries. Lines B, C, E, and G run through the precentral sulcus (PCS), the central sulcus (CS), the parietooccipital sulcus (POS), and the occipital pole (OP), respectively. A is the area of the middle frontal gyrus (MFG), D is the precuneus area (P), and F denotes the medial occipital lobe (MOL).
of the equal-pressure boundaries between these territories in relation to the cerebral gyri and sulci on the superior, lateral inferior, and medial surfaces of the hemisphere. Figures 1 to 4 schematically present the partition of the superior, medial, and lateral surfaces of the hemisphere for classifying the location of the territorial boundaries. Subsequently, the cortical territories of each cerebral artery were analyzed and compared in order to obtain an accurate estimation of their variability (see Figs. 6, 8, and 10) .
Twenty-three of the 25 injected brains were used for investigation of the intracerebral distribution of the vascular territories. The mean age of the subjects was 48 + 27.7 years, with a range of 15 to 100 years. Each brain was wrapped in plastic foil and embedded in a mixture of liquefied polyethylene glycol 1000 and polyethylene glycol 400 in a 4:1 volume ratio at a temperature of 40"C in a cutting box especially designed for Table 1 for the classification of the boundary between the anterior and posterior cerebral arteries on the superior surface of the hemispheres. Line H runs through the superior frontal gyrus (SFG); line I through the superior frontal sulcus (SFS); line J through the middle frontal gyrus (MFG); and line K through the inferior frontal sulcus (IFS). Table 1 this purpose. After the polyethylene glycol mixture had hardened at room temperature (20~ the block containing the injected brain was lifted out of the box in 6-ram steps from a random starting position. After each step, a horizontal slice was cut from the block by hand, using a long-blade B-type microtome knife. As soon as the caudate nucleus became visible in a slice of transected brain, the slice thickness was reduced to 3 mm by halving the step size. The slice thickness was increased to 6 mm as soon as the basal nuclei were passed. Using this cutting procedure, we obtained parallel horizontal brain slices of 6-ram and 3-ram thickness (Fig.  5) . In each slice, the intracerebral vascular areas of the six major cerebral arteries, each filled with differentcolored Araldite F mixtures, were clearly visible and the boundaries between the major vascular areas in the cortex, white matter, and basal nuclei showed clear demarcation lines. For an accurate investigation of these boundaries, however, the color of the Araldite F mixture in the small intracerebral arteries (diameter _ 250 urn) was assessed with the surgical microscope (magnification x 5) to identify the artery of supply. For each hemisphere, we investigated the territories of the ACA, MCA, and PCA as well as the boundaries between these territories in the lobar white matter, anterior and posterior limb of the internal capsule, eaudate nucleus, and lateral divisions of the lentiform nucleus.
Results
After a thorough examination of the cortical boundaries between the territories in 50 hemispheres, we found no signs of Araldite F overflow through the leptomeningeal anastomoses. All collateral vessels in these boundaries, as far as they were visible with a surgical microscope, contained two different-colored partly mixed Araldite F casts. In all specimens, however, the A. van der Zwan, el al.
AChA was retrogradely filled with inj ection material from the MCA and PCA; consequently, in the uncus, an unrealistic boundary between these vessels was created.
General Descr@lion ~f the Cortical Boundaries
All data on the locations of the cortical boundaries are summarized in Table 1 , in which the locations are indicated with letters referring to the gyri, sulci, and lobes as illustrated in Figs. 1 to 4 .
The ACA-PCA boundary was found on the superior surface in only 37 cases; in the remaining 13 cases the area of the MCA extended to the interhemispheric fissure, separating the areas of the ACA and PCA on the superior lateral surface. In 17 of these 37 cases, this boundary was recorded in the external parieto-occipital sulcus. In one hemisphere it was visible in the occipital lobe 2 cm posterior to the parieto-occipital fissure. The superior parietal lobule was the site of the demarcation line between the ACA and PCA in 13 cases. In six of these the boundary was visible in the posterior fifth of the lobule. In three cases it was located between the posterior and middle third, and in four cases halfway along the lobule. The remainder of the boundaries were found in the central sulcus (five cases) and the superior frontal gyrus (one case).
On the medial surface of the hemisphere, the ACA-PCA boundary was located in the precuneus area in 24 cases, in 12 of these cases it was found in the posterior fifth, in five cases between the middle and posterior third, and in seven cases in the middle of the precuneus. In 17 hemispheres this boundary was found in the parieto-occipital sulcus. In two cases it was situated in the anterior half of the occipital lobe, and in six cases in the central gyrus; in one exceptional case it was found in the medial frontal gyrus.
The ACA-MCA boundary on the superior lateral surface of the hemispheres was found in the superior frontal sulcus in 30 of 50 cases. However, this boundary was located in the superior frontal gyrus in 10 cases, in the middle frontal gyrus in seven cases, and in the inferior frontal sulcus in three cases.
On the orbitofrontal surface of the hemisphere, the boundary between the ACA and MCA territories was located halfway along the orbital gyri in 47 of 50 cases. In one case, the area of the MCA contained all orbital gyri, whereas the ACA only supplied the straight gyrus. In two cases, the demarcation line was found laterally to the orbital gyri in the inferior frontal gyms.
The MCA-PCA boundary on the lateral and inferior surface of the temporal lobe was most frequently recorded in the inferior temporal gyrus (32 cases). Other locations of this boundary were the inferior temporal sulcus (14 cases), the occipitotemporal sulcus (three cases), and the superior temporal sulcus (one case). A symmetrical distribution of the territories of the major cerebral arteries was found in only six brains (Table 1 , Specimens 8, 9, 13, 17, 20, and 24) .
In all hemispheric slices the intracerebral territories of the major cerebral arteries were clearly distinguishable under the surgical microscope. Incompletely in-jected brain mass was found only in the anterior and inferior segments of the thalamus, both the genu and the anterior parts of the posterior limb of the internal capsule, and the internal segment of the lentiform nucleus. Consequently, these regions were supplied by the remaining arteries originating from the circle of Willis and, therefore, were not included in this study. In 43 hemispheres, where the artery of Heubner originated from the postcommunicating part of the ACA, this artery was injected as a branch of the ACA. The lateral PChA originating from the postcommunicating part of the PCA was injected in all hemispheres.
The territories of the ACA, MCA, and PCA varied considerably, and their intracerebral distribution was asymmetrical in all brains. In both the lobar white matter and the deep cerebral region, a continuous spectrum of variations in each of these territories was found. Consequently, an extensive description of all distributions in the white matter and the basal nuclei would be quite confusing. For convenience of comparison, Figs. 7, 9, and 11 illustrate exclusively the observations on the territorial distributions in those hemispheric slices shown in Fig. 5 . In addition, the internal capsule (see Fig. 12 ), the caudate nucleus (see Fig. 13 ), and the lateral divisions of the lentiform nucleus (see Fig. 14) were divided into schematic segments to avoid extensive and confusing descriptions of their vascularization. Tables 2 to 4 show that the participation of each cerebral artery in the supply of the basal nuclei varied considerably in many degrees.
From these data on the cortical and intracerebral boundaries, the cortical and intracerebral distribution of the territories of the ACA, MCA, and PCA have been analyzed and compared. Each is described separately below.
Anterior Cerebral Artery
Cortical Distribution. Between the extremes of distribution, all possible variations in territorial distributions were encountered. Within a classification system based on sulci and gyri, however, it was possible to identify groups of hemispheres with more or less similar distributions. In eight hemispheres the territory of the ACA included the medial orbital gyri on the orbitofrontat surface and extended to the superior frontal sulcus on the superior lateral surface of the hemisphere (Fig.  6A) . Posteriorly, its boundary with the PCA was located in the parieto-occipital sulcus on the superior and medial surface ( Fig. 6A and B). In 13 additional cases the posterior extent of the area of the ACA differed slightly from this distribution. On the superior surface, it extended to the posterior fifth of the superior parietal lobule in four cases, to a line between the posterior and middle third of the lobule in four, and to a line halfway between the central sulcus and parieto-occipital sulcus in five. On the medial surface, the ACA-PCA boundary was located in the posterior fifth of the precuneus area in five cases, between the posterior and middle third in four, and in the middle third in four. 
* Data reflect the cerebrovascular boundaries in relation to the gyri and sulci in 50 hemispheres. Decimals denote the location of the boundary in the precuneus, superior parietal lobe, or the occipital lobe. -= boundary not visualized.
t Boundary between the anterior cerebral artery (ACA) and posterior cerebral artery (PCA) on the superior surface of the hemisphere (letters: see Fig. l ).
:I: Boundary between the ACA and PCA on the medial surface of the hemisphere (letters: see Fig. 2 ).
w Boundary between the ACA and middle cerebral artery (MCA) on the superior surface of the hemisphere (letters: see Fig. 3 ).
[[ Boundary between the MCA and PCA on the inferolateral surface of the temporal lobe (letters: see Fig. 4 ).
** Boundary between the ACA and MCA on the orbitofrontal surface. Q = olfactory sulcus; R = halfway along the orbital gyri; S = inferior frontal gyrus.
"H" Area &the MCA extending to the interhemisphefic fissure (IF). Among the remaining 29 hemispheres (58%), 21 variations in the cortical distribution of the ACA territory were found. The depiction of all variations in one schematic drawing of the hemisphere yields a confusing diagram of 50 demarcation lines in a certain cortical area now defined as the cortical area of variation. In this area, the contour that is located closest to the origin of the ACA is a composite of the demarcation lines of the minimum vascular areas ( Fig. 6C and D) ; all cortical areas proximal to this line were supplied by the ACA. Analogous to this, the contour of the area of variation located most distant from the origin of the ACA is a composite of the maximum vascular areas; the ACA never supplied the cortical regions located beyond this line. Figure 6C and D shows that the variation in the ACA area is large, especially on the superior lateral and medial surfaces of the hemisphere. In two brains, a bihemispheric ACA was found supplying a small cortical area (_+ 3 sq cm) in the subcallosal region of the other hemisphere. Two extreme variations in the ACA territory are shown in Fig. 6E and F. Intracerebral Distribution. In all hemispheres the boundary between the ACA and the MCA meandered toward the anterior horn of the lateral ventricles and the basal nuclei with a maximum distance of 2 cm from the straight line, This is in contrast to most illustrations in the literature, which depict the intracerebral boundaries as straight lines extending to the deeper structures. Furthermore, the supply of the frontal white matter corresponded to the cortical supply in each hemisphere. Consequently, a large variation in the intracerebral territory of the ACA was found. When demarcation lines of all the observed ACA territories are depicted on schematic drawings of hemispheric slices, a confusing diagram of 46 lines is produced in an area defined as the intracerebral area of variation. Figure 7 shows this area of variation in three hemispheric slices. The medial boundary is a composite of the demarcation lines of the minimum extents of the ACA; the cerebral areas located within this boundary were always supplied by the ACA. The lateral boundary of the area of variation represents a composite of the maximum extents of the ACA territory; the cerebral areas located beyond this line were never supplied by this cerebral artery. Consequently, all ACA-MCA and ACA-PCA boundaries observed in this study were located within this area of variation. No groups of iden-tical territories of the ACA were found, and the territorial demarcation lines, observed in corresponding slices and projected in one drawing, were equally distributed throughout this area of variation, However, the ACA-MCA boundary in the superior part of the frontal white matter extended to the anterior horn of the lateral ventricle in 42 cases. In only four cases did this boundary pass the anterior ventricular horn laterally and extend to the internal capsule or the basal nuclei. In the inferior part of the frontal white matter, this boundary ended in the wall of the anterior lateral ventricle in only 27 cases, whereas in the remaining cases this line continued to the basal nucei.
In 10 hemispheres the ACA did not supply the anterior limb of the internal capsule. In the remaining hemispheres the ACA participated in the supply of the anterior limb in varying degrees. We encountered every variation between the ACA supplying only the anterior medial segment of the inferior limb and the ACA completely irrigating the anterior limb ( Table 2) . The boundary between the ACA and the MCA in the anterior limb was located at different levels and in various planes.
The ACA supplied the head of the caudate nucleus in 44 cases; in these, the participation of the ACA increased in subsequent slices in an inferior direction, and its area always bordered on the area of the MCA. Again, we found every variation between the ACA irrigating only the inferior medial segment of the head of the caudate nucleus and the ACA being the only source supplying the complete inferior part of the head (Table 3 ). In one of these hemispheres, the artery of Heubner did not originate from the postcommunicating part of the ACA and therefore was not injected proximally; however, the anterior medial part of the head of the caudate nucleus was injected with Araldite F originating from the ACA, and the artery of Heubner filled retrogradely with Araldite F from the ACA. In two additional cases the caudate nucleus was not supplied by the ACA; in these hemispheres the artery of Heubner was also not injected but the head of the caudate nucleus was completely filled with Araldite F originating from the MCA. In these exceptional cases we observed no retrograde filling of Heubner's artery.
The ACA participated in the vascularization of the lentiform nucleus in 34 hemispheres in varying degrees, and this artery was the only source of supply of the anterior inferior and middle inferior segments in eight hemispheres ( Table 4 ). The area of the ACA never extended posteriorly beyond the middle third of this nucleus (see Fig. 14 , Segments C and F) and was always bordered by the MCA territory.
Middle Cerebral A rlery
Cortical Distribulion. In the largest group of hemispheres with an identical cortical distribution of the MCA territory (16 cases), the area of supply extended to the superior frontal and intraparietal sulcus on the superior lateral surface (Fig. 8A) . On the orbitofrontal territory could only be distinguished from the distribution in the previous group by the location of its boundary with the PCA on the lateral surface of the temporal lobe. In this group, the boundary was found in the inferior temporal sulcus.
Fifteen variations in the distribution of the MCA were found in the remaining 28 hemispheres (56%). Composites of the minimum and maximum areas of the MCA are depicted in Fig. 8B . The MCA territory reached the interhemispheric fissure for variable distances between the precentral sulcus and the occipital pole in 16 hemispheres. In 13 cases the area of the MCA was located between the areas of the ACA and PCA on the superior surface. In three specimens, the area of the MCA reached the interhemispheric fissure in the anterior half of the occipital lobe, indenting the PCA territory. None of these areas extended more than 2 cm downward on the medial surface of the hemisphere. Two extreme variations of the territory of the MCA are shown in Fig. 8C and D. Intracerebral Distribution. Analogous to the findings on the ACA territory, the extent of the MCA territory' in the lobar white matter corresponded to its cortical distribution. In all slices, composite drawings of its minimum and maximum demarcation lines (Fig.  9) show that the MCA territory has great variation. Like the MCA-ACA boundary, the line between the areas of the MCA and the PCA in the parietal, occipital, and temporal white matter meandered toward the lateral ventricle and the basal nuclei in most hemispheres. In the superior occipital white matter, this boundary extended to the posterior horn of the lateral ventricle in 29 hemispheres, whereas in the inferior occipital white matter this extension was found in 31 cases. In the remaining cases the boundary extended beyond the posterior part of the ventricle laterally to the basal area.
The participation of the MCA in the vascularization of the anterior limb of the internal capsule was completely complementary to the contribution by the ACA ( Table 2 ). Consequently, the MCA was the only contributing artery of the arterior limb in 10 cases.
In all hemispheres the MCA participated in the supply of the caudate nucleus, and its contribution to the supply of the head of the nucleus was complementary to the contribution by the ACA (Table 3 ). The MCA was the only source of supply to the head of the nucleus in two cases. In the superior horizontal segment of the nucleus, its area was bordered anteriorly by the territory of the ACA (three cases) or posteriorly by the area of the PCA (15 cases). In the superior horizontal part of the caudate nucleus in one hemisphere, the MCA territory was bordered anteriorly by the ACA territory and posteriorly by the PCA territory (see Fig. 15A ). In the remaining hemispheres, the MCA was the only source of supply to this segment. Many variations between the MCA completely supplying the posterior part of the tail of the caudate nucleus and the MCA not participating in the supply of this part of the nucleus were found. The MCA irrigated the lentiform nucleus in all cases (Table 4) ; in eight of these this artery was the only source of supply of both the putamen and the lateral globus paUidus. In the remaining cases many variations of the MCA area, anteriorly bordered by the ACA territory, were observed; in 22 of these cases the PCA additionally supplied the posterior segments of the nucleus in varying degrees. Consequently, the MCA territory in these hemispheres was demarcated anteriorly by the territory of the ACA and posteriorly by the territory of the PCA. The distribution of the MCA extended to the anterior lateral segment of the thalamus in 10 cases. In the remaining hemispheres this segment was partly irrigated by the PCA or was just not stained.
Posterior Cerebral Artery
Cortical Distribution. Three groups with similar distributions of the PCA territory were demonstrated. In the largest group (nine hemispheres), the boundary between the ACA and the PCA was located in the parieto-occipital sulcus on the medial and superior surface ( Fig. 10A and B) . On the lateral surface of the temporal lobe, the area of the PCA extended on a line through the inferior temporal gyrus (Fig. 4, Line O) . At the inferior surface, approximately 3 cm posterior to the temporal lobe, this boundary extended medially through the middle of the uncus. In the second group (six hemispheres) the boundary between the PCA and ACA on the medial surface was located in the posterior fifth of the precuneus; the rest of the territory of the PCA was similar to that in the first group. In the third group (six hemispheres) the PCA supplied the posterior fifth of the superior parietal lobule on the superior surface; the rest of the PCA territory was similar to that found in the second group.
In the remaining 29 hemispheres (58%), 17 variations of the cortical distribution of the PCA were found. Furthermore, the variation in the PCA area proved to be very large (Fig. 10C and D) . Two very extreme cases are shown in Fig. 10E and F. Intracerebral Distribution. The composite drawings of the minimum and maximum areas of supply of the PCA reveal an area of variation that is complementary to those in the ACA and PCA in the major part of the hemisphere (Fig. 1 I) . Without exception, the intracerebral extent of the PCA territory in the occipital and temporal white matter corresponded with its cortical distribution.
In all cases the PCA participated in the supply of the posterior limb of the internal capsule, and many variations of the degree to which the area of the PCA extended laterally were found (Table 2 ). In its largest extent, the inferior part of the posterior limb (Fig. 12 , Segment E) was completely irrigated by the PCA in six cases. In the remaining hemispheres the boundary be- The PCA participated in the supply of the tail of the caudate nucleus in all hemispheres (Table 3 ); in 22 cases this artery was the only source of supply of the posterior superior segment of the tail (Fig. 13 , Segment D). More inferiorly (Fig. 13 , Segment E), the PCA was the only contributor in 32 cases. The rest of the tail was also supplied by the MCA in all hemispheres.
The area of the PCA extended into the posterior and inferior segments of the lentiform nucleus in 22 cases (Table 4 , Fig. 14) . In all of these the area was also irrigated by the MCA. Consequently, in the basal regions, many different locations and orientations of the PCA-MCA boundary have been encountered. In nine hemispheres it was found that in several slices the PCA-MCA boundary extended through the transected tail of the lentiform nucleus in a posterior anterior direction, dividing the vascularization of the tail into a medial (PCA) and lateral (MCA) part. In all cases, the PCA irrigated the posterior lateral part of the thalamus.
Discussion

Injection Procedure
In 1909, Beevor ~ emphasized the importance of the simultaneous injection of different-colored dyes into the cerebral arteries under the same pressure if their territories were to be investigated. This technique was based on the observations of Heubner] ~ who, in 1874, successfully injected all cerebral arteries with ink through a cannula inserted into the MCA. Heubner claimed that the leptomeningeal anastomoses were responsible for this phenomenon, and Beevor described experiments that confirmed these observations. During a simultaneous injection procedure, Beevor clamped a branch of the MCA. As a result of the decreasing pressure in the clamped artery, a different-colored gelatin that was injected into an adjacent artery invaded the area of the MCA through the leptomeningeal anastomoses, and the boundary between these two territories shifted toward the clamped cerebral artery. In previous injection experiments, we demonstrated the same phenomenon of shifting boundaries after a drop in pressure in one of the cerebral arteries? 4 Therefore, during life, the cortical boundaries must be considered as dynamic rather than static, varying from its average position depending on instantaneously altering hemodynamic conditions. Considering these observations, the simultaneous injection technique used in the present study seems to be the only appropriate method for an accurate investigation of the cortical vascular area distribution. The simultaneous injection of Araldite F mixtures into the six major cerebral arteries under a 93-ram Hg pressure provides conditions comparable to the situation in vivo. With this method, an equilibrium between the injection pressures in two adjacent arterial trees is obtained in the anastomoses between these vessels exclusively. This balance prevents the overflow of injection material that may occur when arteries are injected in sequence or under unequal pressure. The location of this equalpressure boundary, therefore, must be considered as most representative of the average location of the boundary or so-called "watershed zone" in the in vivo situation.
Beevor' claimed that in some cases, when he injected the AChA exclusively, the tail of the caudate nucleus and the posterior part of the lentiform nucleus were partly supplied by this artery. In the present study, however, this artery was clipped before the injection procedure was started and these regions were always supplied by the PCA, the MCA, or both. This observation is in agreement with our findings on the cortical distribution of the territories. In all hemispheres the cortical branches of the AChA were filled with Araldite F from both the MCA and the PCA as a result of overflow through the leptomeningeal anastomoses. Another source of the retrograde filling of the AChA may be the overflow of Araldite F from the lateral PChA into the AChA through anastomoses in the choroid plexus. In all of our specimens the lateral PChA was injected as a branch of the PCA and, therefore, was indistinguishable from other PCA branches. The presence of these deep intracerebral anastomoses in the choroid plexus and the absence of an intravascular injection pressure in the AChA may have caused an overflow of Araldite F from the PCA into the area of the AChA. This retrograde filling of the AChA territory did not have an appreciable effect on the cortical distribution of the territories of these major cerebral arteries. In the investigation of the intracerebral territories, however, this overflow may have led to an overestimation of the intracerebra[ territories of the MCA and PCA in both the anterior and posterior limbs of the internal capsule, the tail of the caudate nucleus, and the posterior segment of the lentiform nucleus. This phenomenon demonstrates that, if the AChA is not simultaneously injected, an equal-pressure boundary between the areas of the MCA and the PCA will be established somewhere in the AChA territory. The location of this equal-pressure boundary in the AChA territory under these conditions is dependent on various factors, such as the total number and size of the anastomoses between the AChA and the adjacent major cerebral arteries. Furthermore, this phenomenon of overflow through leptomeningeal and choroid anastomoses may explain the inconsistent occurrence of neurological deficit after surgical occlusion of the AChA. 28' 29 Therefore, the discrepancies between the present findings and Beevor's observations may be partly explained by the different conditions under which the investigations were performed.
Variability of the Major Cerebral Territories
During the last century, many investigations on the territories of the major cerebral arteries have been performed. Although most authors concluded that the pattern of the territorial distribution is relatively constant, many discrepancies in their results have been found? In the following paragraphs, our findings on the cortical and intracerebral distribution of the territories of the major cerebral arteries are compared with the results of previous studies.
Anterior Cerebral Artery. In agreement with the results of Beevor, t a large variability in the cortical vascular area distribution of the ACA has been demonstrated in this study: 26 variations were found in 50 hemispheres. In eight hemispheres the ACA territory was similar to the distribution described by Robinson; 3~ in 13 cases the distribution was similar to the descriptions of Foix and Hillemand, ~3 Stephens and Stilwell, 32 and Ferner and Staubesand; 12 and the remainder of the variations were found in 58% of the hemispheres. Beevor found the posterior extent of the ACA on the outer surface most frequently located halfway along the superior parietal lobule (38 %). We confirmed this pattern in only four cases (8%), whereas we found that the parieto-occipital sulcus was the most frequent location of the ACA-PCA boundary (38%). The remaining locations of the boundaries of the ACA showed the large variability described by Beevor. The present study also demonstrated that there are many variations in the intracerebral extent of the territory of the ACA. The distributions described by previous authors were all found in this study; however, no distribution predominated. In general, our observations correspond with the findings of Beevor, X but the data on the territory of the ACA can only partly be compared with his results because he always injected the precommunicating part of this artery. Whereas in the present study the ACA did not supply the anterior limb of the internal capsule in 10 cases (23%), Beevor described this situation in only two (5%) of 41 cases. On the other hand, he noted that the lateral segment of the lentiform nucleus was not irrigated by the ACA in 20 (38%) of 52 observed cases, while in our series this was the case in only 12 cases (24%). The retrograde filling of the artery of Heubner with Araldite F from the injected postcommunicating part of the ACA, as was observed in one hemisphere, demonstrates that functional anastomoses between the deep intracerebral branches of the ACA were present.
Middle Cerebral Artery. Seventeen different pat-
terns of the MCA distribution have been observed. In 16 of the hemispheres the MCA territory was similar to the area described by Foix and Hillemand ~ and later by Stephens and Stilwell. 32 The distribution of the MCA territory demonstrated by Robinson ~~ and Ferner and Staubesand 12 was present in only six cases. In the remaining 28 cases (56%), 15 variations in the cortical distribution of the MCA have been encountered. Beevor I noted many variations of the MCA territory. He described the temporal MCA-PCA boundary in the lateral sulcus in one case (2%), in the middle temporal gyrus in two (3%), in the inferior temporal sulcus in 21 (32%), in the inferior temporal gyrus in 26 (40%), and in the occipitotemporal sulcus in 15 (23%).
Although, in the present study, the inferior temporal gyms was the location of the MCA-PCA boundary in 32 (64%) of the hemispheres, the remaining cases showed the same variations Beevor ~ found. Duret 1~ and Charcot 5 claimed that the MCA reaches the interhemispheric fissure in all cases. However, Beevor found this distribution in 59% of his cases and, in the present study, we found this variation in only 32% of the hemispheres.
In all hemispheres the MCA supplied the anterior and posterior limb of the internal capsule, the caudate nucleus, and the middle and lateral division of the lentiform nucleus. However, the degree to which this artery participated in the supply of these structures varied considerably. In the head of the caudate nucleus and the anterior limb of the internal capsule, the area of supply of the MCA was completely complementary to the territory of the ACA. Our observation that the MCA was the only source of supply of the putamen in eight hemispheres (16%) agrees with the findings of Beevor, ~ who observed this in nine hemispheres (17%).
Posterior Cerebral Artery. The cortical distributions of the PCA also varied considerably. Although three groups with only slight differences in the PCA's cortical territory were found, 19 additional variations were encountered in 29 hemispheres (58%). In one case, the area of supply of the PCA did not even extend to the occipital pole, which was supplied by the MCA. Beevor, j also found this variation in one case.
No identical intracerebral territories of the PCA were observed in 46 hemispheres. In varying degrees, the PCA participated in the supply of the occipital and temporal white matter, the posterior limb of the internal capsule, the caudate nucleus, and the lateral divisions of the lentiform nucleus. In agreement with the observations of Beevor' we found that the cortical distribution of the PCA territory corresponded closely with its extent into the lobar white matter. Although Duret ~~ reported that the PCA partly supplies the head of the caudate nucleus, this observation was not confirmed in our study.
Clinical Relevance of Findings
The large variation in the cortical distribution of the major cerebral arteries in relation to the cerebral gyri and sulci, as demonstrated in this study, contradicts the statement of Shellshear,3 ~ who claimed that the vascular area distribution closely corresponds with the distributions of cortical regions and that each cerebral artery, although varying in its extracerebral course, constantly supplies its own functional cortical area. A contemporary example of this generally accepted rule is the term "accessory middle cerebral artery," introduced by Crompton ~ in 1962. Although, in many studies, this artery originates from the internal carotid artery or from the ACA, it is still considered accessory to the MCA because its area of supply is assumed to be located within the territory of the MCA. 615-~7' 25 In the present study, the superior part of the postcentral gyrus (Brodmann areas 1, 2, 3, and 5) was supplied by the ACA in 39 cases, by the MCA in three cases, and by the PCA A. van der Zwan, et at. in eight cases. Although in the majority of cases (47 specimens) the superior part of the precentral gyrus was supplied by the ACA, in two hemispheres (4%) this area was supplied by the MCA and in one hemisphere (2%) by the PCA. This implies that the precentral motor areas of the trunk and leg are not consistently supplied by the ACA, but in some cases are vascularized by the MCA (Fig. 15) . Other very varied patterns of vascularization have been encountered in the sensory association cortex (Brodmann area 7), visual cortex (Brodmann area 17), and visual association cortex (Brodmann areas 18 and 19). These observations challenge the concept of a strong relationship between arterial distribution and cortical functional areas.
With regard to the intracerebral distribution, Shellshear 3~ concluded that the pattern of vascularization is completely determined by genetic factors and that the arterial distribution is strictly related to specific cerebral regions. His statement has been generally accepted as a rule; however, our findings contradict his conclusions. Tables 2 to 4 clearly show the spectrum of variations in the contribution of these arteries to the supply of the internal capsule, the caudate nucleus, and the lateral divisions of the lentiform nucleus. Furthermore, Fig. 16 shows a composite of the minimum demarcation lines of the ACA, MCA, and PCA territories depicted together. This figure clearly demonstrates the large area of variation in which the boundaries between the territories were located. After this area of variation was calibrated and divided into five equal parts (Fig. 16) area of variation, again show the wide spectrum of variations and the difficulty in defining the most common territorial distribution, These examples altogether demonstrate that there is no strict relationship between the arterial supply and the intracerebral region, as has been generally accepted.
The ontogenetically determined centripetal pattern of the cerebral vascularization is clearly demonstrated in Fig. 16 . This figure shows that the cerebral areas that were always exclusively supplied by one of the arteries were located at the outer regions of the hemisphere. Yet, human cerebral vascularization is characterized by an enormous variability in the circle of Willis. The model presented by Hillen, el al.] ~ and subsequent morphometrie analysis of the circle of Willis z~2-' indicate that the diameters of the various segments of the circle of Willis are mainly determined bv hemodvnamic factors, such as flow and the peripheral resistance of the six major cerebral arteries. From this we may conclude that the ontogenetically determined pattern of the human cerebral vascularization is modified by variable hemodynamic factors. Considering the large area of variation described in the present study, these factors may have a major influence on the location of the boundaries between the areas of supply and, consequently, on the vascular area distribution of the major cerebral arteries in each adult. This topic demands further quantitative investigation.
The present study demonstrates that the variability in which the boundaries between these territories were found. After this area of variation was calibrated with a ruler, the locations of the boundaries were analyzed. The bar charts demonstrate the frequency distributions of the locations on these rulers. The frequency distribution graphs demonstrate the large spectrum of variations in the location of the boundaries between the territories. of the cortical and intracerebral distribution of the major cerebral territories is much larger than has been considered until now. The results of this study, therefore, have implications for both clinical and laboratory investigations, The relatively constant pattern of the areas of supply is the pillar on which the differential diagnosis between thromboembolic ischemia and hemodynamic watershed ischemia is largely based. Considering the large variation in the cortical vascular distribution demonstrated in this study, the location of a cortical infarct in or at the border of the area of variation, visualized with CT or MR imaging, gives no certainty about the pathogenesis of the disease. Although the occurrence of bilateral infarcts may suggest a hemodynamic pathogenesis, the interpretation of CT scans or MR images based exclusively on the location of the infarct may lead to a false diagnosis. In addition, when an extracranial-intracranial bypass procedure is considered in the evaluation of patients threatened by cerebral ischemia, the variable relationship between the arterial distribution and the functional vascular areas must be taken into account. Furthermore, the results of this study indicate that, in studies from the model, the application of a constant ratio between the peripheral resistances of the major cerebral arteries is not justified. For an accurate determination of the peripheral resistances, a further quantitative study of the territorial distribution of the major cerebral arteries is needed.
